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Summary of the U.S. Senior Committee on Environmental,
Safety, and Economic Aspects of Magnetic Fusion Energy
(ESECOM)

ABSTRACT

ESECOM has completed a recent assessment of the competitive potential of magnetic fusion
energy (MFE) compared to present and future fission energy sources giving particular emphasis
to the interaction of environmental, safety, and economic characteristics. By consistently apply-
ing a set of economic and safety models to a set of MFE concepts using a wide range of possible
material choices, power densities, power conversion methods, and fuel cycles, ESECOM finds
that several different MFE concepts have the potential to achieve costs of electricity comparable
to those of fission systems, coupled with significant safety and environmental advantages.

1. INTRODUCTION

Organized in late 1985, the ten-member Senior Committee on Environmental, Safety, and
Economic Aspects of Magnetic Fusion Energy (ESECOM) has recently completed a compre-
hensive assessment [1] of the potential for magnetic fusion energy (MFE) providing energy with
attractive economic, environmental, and safety, characteristics compared to present and future
fission energy sources. We explored the interaction of environmental, safety, and economic char-
acteristics of a variety of fusion and fission cases listed in Section 2, using consistent economic
and safety models. Our findings in Section 3 indicate that several MFE candidates have the
potential to achieve costs of electricity (COE) comparable to those of present and future fission
systems, and with significant safety and environmental advantages. These conclusions rest on
key assumptions about plasma performance and improvements in fusion technology, which are
optimistic but defensible extrapolations from current achievements. In contrast, a recent report
of the Scientific, Technological Options Assessment (STOA) office of the European Parliament
[3] proposes criteria for assessment of future MFE reactor safety and economics, which are gen-
erally much more restrictive than criteria used in the ESECOM study, with respect to allowing
assumptions of future technology improvement. ESECOM, however, has taken the long view
that the time horizon for MFE commercial application is the year 2015 at the earliest, and more
probably beyond 2030. Accordingly, ESECOM chose to analyze MFE cases assuming advances
of new technologies (e.g., materials) that are only in the beginning stages of development. ES-
ECOM’s work thus clarifies the promising areas for future fusion research and development.
Due to lack of space, only selected portions of the ESECOM work are discussed here. For
more details on all areas covered by ESECOM, the reader is referred to the published technical
summary [1] of this work and to the larger main report [2].

2. COMPARATIVE ANALYSIS OF FUSION AND FISSION CASES

ESECOM selected a set of fusion, fission, and fusion-fission hybrid reactor cases for com-
parative analysis, listed in Table I. These cases were selected to span a wide range of technical
characteristics based on reasonable extrapolation from present knowledge, permitting explo-
ration of the impacts on safety and economics of different materials and coolant choices, power
densities, energy conversion schemes, and fuel cycles.

The different cases do represent, of course, differing degrees of extrapolation from materials
choices, physics parameters, and engineering features that might be considered reasonably cer-
tain to be attainable based on current knowledge. An examination that confined itself only to



Table I: Reference cases analyzed by ESECOM.

Fusion Cases

1. A “point-of-departure” D-T fusion reactor using a tokamak configuration, with vanadium-
alloy structure and liquid lithium as the coolant/breeder.
2. A helium-cooled variant of the case 1 tokamak with reduced activation ferritic steel (RAF)

structure and Li;O solid breeder.

3. A “high-power-density,” reversed-field pinch (RFP) with RAF structure, a water-cooled
copper-alloy first wall and limiter, and self-cooled lithium-lead breeder.

4, Another high-power-density RFP with a V-Li blanket minimally modified from that of the
point-of-departure tokamak.

5. A “low-activation” tokamak with silicon carbide (SiC) structure, helium coolant, and Li,O
breeder.

6. A “pool”-type tokamak with vanadium structure and molten-salt (FLiBe) coolant /breeder.

7. An advanced conversion variant of the point-of-departure tokamak with synchrotron-

radiation-enhanced magnetohydrodynamic (MHD) conversion.

8. An advanced fuel, water-cooled tokamak based on the D3He fuel cycle with direct conversion
of microwave synchrotron radiation.

Fusion-Fission Hybrid Cases
9. A “baseline” fusion-fission hybrid tokamak with RAF structure, lithium coolant, beryllium
neutron multiplication, and thorium metal as the fertile material.
10. An “advanced technology” hybrid tokamak with stainless-steel structure, helium coolant,
and Li-F-Be-Th molten-salt blanket.

Fission Cases
11. A “best present experience” and “medium experience” pressurized water reactor (Westing-
house) (PWR-BPE), (PWR-ME).

12. The Large-Scale Prototype Breeder (LSPB) (Electric Power Research Institute/DOE).
13. The Power Reactor Inherently Safe Module (PRISM) Breeder design (General Electric).
14. A modular high-temperature gas reactor (MHTGR) (GA/Gas-Cooled Reactor Associates).

conceptual designs of fusion reactors that were solidly based on existing physics and engineer-
ing data bases could not claim to have addressed fusion’s full potential, nor could such a study
say much about directions worth investigating in pursuit of markedly improved performance.
Such cases as numbers 5 through 8—featuring (respectively) ceramic structural materials to
achieve extremely low activation, a pool-type design for passive cooling under nearly any ac-
cident conditions, enhanced MHD conversion to reduce balance-of-plant complexity and cost,
and a D3He fuel cycle to reduce neutron activation and tritium problems—are currently less
credible than more conventional designs. But analyzing these cases, as examples of a much
larger set of “advanced” approaches, has enabled us to avoid unduly constraining our assess-
ment of fusion’s long-range possibilities. For similar reasons we included advanced fission cases
(PRISM~—case 13 and MHTGR—case 14) as possible future competitors to fusion.

2.1. Economic Analysis

ESECOM analyzed, in a consistent framework, the economic, environmental, and safety
characteristics of the cases in Table I, including, in some cases, examining the effects of varying
the plasma performance, scale, and power density within an otherwise fixed design. The fusion
and hybrid breeder cases were developed and analyzed with the assistance of the Generomak
magnetic fusion physics/engineering/costing model [4] modified appropriately for our purposes.

The physics/engineering part of the Generomak model accepts as input the desired values
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of net electric power output, plasma beta, aspect ratio and elongation of the toroidal plasma,
Troyon coefficient, and maximum toroidal field at the coil. (The combination must be chosen
to give an acceptable value of the edge-plasma safety factor, g.) These inputs are used to-
gether with chosen blanket /shield characteristics (materials, radial dimensions, densities, inlet
and outlet temperatures), conversion-efficiency relations, and current-drive assumptions in an
iterative calculation of the plasma major and minor radii Rt and a, the toroidal field in the
plasma By, and the plasma current I, corresponding to the desired net electric power taken to
be 1200 MW (electric) in all cases. Also calculated in this process are plasma volume, plasma
ignition margin, fusion power, neutron wall loading, reactor thermal power, overall thermal ef-
ficiency, current-drive and other auxiliary power, “fusion island” volume, and the masses of the
blanket, reflector, shield, and coils. As an example, some of the main physics and engineering
parameters of the point-of-departure tokamak (case 1) are given in Table II. This reactor case
assumes advances in beta and current-drive efficiency beyond those considered for the current
design of the International Thermonuclear Experimental Reactor (ITER). We examined sensi-
tivity of the case 1 capital cost and COE to variations in these and other critical parameters.
Reducing the beta to 0.06, or the current-drive efficiency by a factor of five (while increasing
T, to 25 keV), for example, increased COE by 15%.

The economics part of the Generomak model uses the physics and engineering parameters
to calculate the direct capital costs of the fusion island, based on unit costs supplied to the
model for fabricated material (e.g., $400/kg for reactor parts fabricated from V-Cr-Ti alloy,
$90/kg for superconducting coils) and for certain specific components (e.g., power supply for
current drive is costed at $2.25/W). Most of these costs are based on those developed in the
STARFIRE study [5], updated to the January 1986 dollars used as the cost basis throughout
ESECOM’s work. Some of the STARFIRE figures have been further modified based on the
Committee’s judgment that more recent information warranted changes.

Costs of the blanket, limiter, coolant, and other major items that turn over on a short time
scale compared to the plant lifetime are treated analogously to fuel costs in the fission fuel
cycle, following the methodology embodied in the Nuclear Energy Cost Data Base (NECDB)
at ORNL [6]. Calculation of other operation and maintenance costs also follows the NECDB
model. Following standard engineering-economics techniques, as embodied in the NECDB, we
then obtain a levelized constant dollar COE, in units of 1073 U.S. dollars (1986) per kilowatt
hour, or mills/KW-h.

The results of the basic economic calculations are shown in Table III. Here, the “overnight”
costs include the application of indirect and contingency factors but not interest during con-
struction; they are the costs that would result if construction were instantaneous. The total
capital costs are obtained by accounting for interest during the assumed 6-yr construction pe-
riod (adjusted to 1986 dollars). The additional fission case (11’ PWR-ME) in Table III is the
“median experience” PWR and provides a second reference point for the U.S. (The design and
construction lead time for this case is 12 yr, and the indirect costs are 100% instead of 37.5%.)
Particularly noteworthy in these results is that the COEs for the best experience and median
experience PWRs bracket the range of costs estimated for the various fusion, hybrid breeder,
and advanced fission cases.

2.2. Safety/Environment Analysis
ESECOM'’s analysis of environmental and safety characteristics included qualitative and,

where possible, quantitative assessment of (a) possibilities and consequences of major releases
of radioactivity from reactor accidents, (b) magnitude of the radioactive waste burden, (c) oc-



Table II: Parameters of the ESECOM point-of-departure reference fusion reactor.

V-Li/TOK
Aspect ratio, A 4.0
Plasma elongation, x 2.5
Total plasma beta, 3 0.1
Safety factor, gy 23
Maximum field at coil, By (T) 10.0
Toroidal field in plasma, Bpp; (T) 4.29
Major radius, Ry (m) 5.89
Plasma current, Iy (MA) 15.8
Neutron wall loading (MW /m?) 3.20
Fusion power (MW) 2862.
Blanket thickness (m) 0.71
Blanket /shield gap (m) 0.10
Shield thickness (m) 0.83
Neutron energy multiplication 1.27
Tritium breeding ratio 1.28
Total thermal power (MW) 3563.
Primary coolant inlet, T; (°C) 300.
Primary coolant outlet, T, (°C) 550.
Thermal conversion efficiency 0.404
Recirculating power fraction 0.12
Net electric power [MW (electric)] 1200.
Volume of fusion power core (m?) 2669.
Mass of fusion power core (tonne) 11482.
Mass power density [kW (electric)/tonne] 105.

cupational and public exposures to radiation in routine operation, and (d) unwanted links to
nuclear weaponry.

ESECOM’s calculations of activation product inventories were carried out at LLNL using
the TART, ORLIB, and FORIG computer codes and their associated data bases [7-10]. These
codes operated on cylindrical approximations to our toroidal blanket configurations.

The Monte Carlo calculations employed by the TART code to determine the neutron and
gamma spectra in the various layers of the blanket, manifold/reflector, and shield (and, in one
case, magnets) used 20 samples with 5000 particles per sample. These spectrum calculations
accounted for materials compositions down to the level of 0.1 wt%. The activation calculations
performed by the ORLIB averaging code using the ACTL cross-section library accounted for
impurities to levels below 1 ppm by weight. The constituent and impurity compositions used
in these calculations came mainly from the BCSS [11] and, in a few instances, from the design
groups working on particular blankets. Based on a neutron fluence limit of 20 MW-yr/m? at
the first wall, it was assumed that solid blanket components in reactors with first-wall fluxes in
the range of 3 MW/m? were changed after each 6 full-power years (FPY) of operation, while
those in reactors with first-wall fluxes around 15 MW /m? were changed after each full-power
year of operation. Shields, magnets, and liquid constituents of blankets were assumed in most
cases to be irradiated for 30 FPY, as was the entire blanket of the D3He case.

For purposes of assessing accident potential and occupational hazards, reactor radioactivity






